Jensen AM, Bae EH, Fenton RA, Nørregaard R, Nielsen S, Kim SW, Frøkiaer J. Angiotensin II regulates V2 receptor and pAQP2 during ureteral obstruction. Am J Physiol Renal Physiol 296: F127-F134, 2009. First published October 29, 2008 doi:10.1152/ajprenal.90479.2008.-Release of bilateral ureteral obstruction (BUO) is associated with nephrogenic diabetes insipidus (NDI) and a reduced abundance of the vasopressin-regulated aquaporins. To evaluate the role of the vasopressin type 2 receptor (V2R), we determined V2R abundance in kidneys from rats subjected to 24-h BUO or 24-h unilateral ureteral obstruction (UUO) followed by 48-h release. Because angiotensin II type 1 (AT1) receptor blockade attenuates postobstructive polyuria and aquaporin-2 (AQP2) downregulation, we examined the effect of AT1 receptor blockade on AQP2 phosphorylated at serine 256 (pS256-AQP2) and V2 receptor complex abundance in kidney inner medulla (IM). Furthermore, cAMP generation in sodium fluoride-and forskolin-stimulated inner medullary membrane fractions was studied after release of BUO. V2R was significantly reduced to 12% of sham levels in IM and to 52% of sham levels in cortex and outer stripe of outer medulla (OSOM) from BUO rats. In UUO rats, V2R abundance in the obstructed kidney IM decreased to 35% of sham levels, whereas it was comparable to sham levels in the nonobstructed kidney IM. No significant change was observed in cortex and OSOM. AT1 receptor blockade attenuated V2R, pS256-AQP2, and Gs␣ protein downregulation in IM and partially reversed the obstruction-induced inhibition of sodium fluoride-and forskolin-stimulated cAMP generation in inner medullary membrane fractions from BUO rats. In conclusion, V2R downregulation plays a pivotal role in development of NDI after release of BUO. In addition, we have shown that angiotensin II regulates the V2 receptor complex and pS256-AQP2 in postobstructive kidney IM, probably by stimulating cAMP generation.
angiotensin II type 1 receptor blockade; nephrogenic diabetes insipidus; vasopressin receptor type 2; phosphorylated aquaporin-2 ACQUIRED NEPHROGENIC DIABETES INSIPIDUS (NDI) is a well-described complication of bilateral ureteral obstruction (BUO). It is characterized by marked vasopressin-resistant polyuria (46, 49) and a decreased abundance of major aquaporins and sodium transporters along the nephron (9, 19, 27, 28, 39) .
The antidiuretic hormone vasopressin is crucial for the kidney's ability to concentrate the urine and, hence, to regulate body fluid homeostasis. Vasopressin is released from the posterior pituitary gland in response to small increases in plasma osmolality or a reduced circulating blood volume. In the kidney, it binds to the type 2 vasopressin receptor (V2R) (3, 29) and promotes water reabsorption in the collecting ducts and NaCl reabsorption in the thick ascending limb (TAL). In the collecting ducts, binding of vasopressin to the G proteincoupled V2R activates adenylyl cyclase and thereby increases intracellular cAMP levels. cAMP activates protein kinase A, which leads to phosphorylation of aquaporin-2 (AQP2) and an increased synthesis of AQP2. Finally, subapical vesicles containing phosphorylated AQP2 (pAQP2) are inserted into the apical membrane of the collecting duct principal cells, leading to an enhanced water reabsorption capacity (for review, see Ref. 21 ). The effect of vasopressin in the TAL is less wellcharacterized, but various studies show that it acutely increases the NaCl reabsorption via an adenylate cyclase-dependent mechanism and increases renal Na-K-2Cl transporter (NKCC2) abundance in the TAL (12, 15, 18) . Protein abundance of the heterotrimeric G protein G s ␣-subunit (G s ␣) and adenylyl cyclase VI, different parts of the V2R complex, and the intracellular cAMP generation are reduced in the kidney from rats subjected to BUO (19) . This is consistent with the decreased abundance of the vasopressin-regulated AQP2 and NKCC2 (9, 28) . However, the regulation of the V2R in ureteral obstruction remains unresolved.
It is well-established that ureteral obstruction is associated with activation of the renin-angiotensin-system (8, 37, 50) , and recently we demonstrated that blockade of the ANG II receptor type 1 (AT1) with candesartan reduced the vasopressin-resistant polyuria and partly prevented downregulation of the vasopressin-regulated AQP2 and NKCC2 48 h after release of 24-h BUO. AT1 receptor blockade did not affect the abundance of non-vasopressin-regulated aquaporins and sodium transporters in the collecting duct and TAL (17) . These findings led us to hypothesize that ANG II influences intracellular cAMP generation and that it possibly changes the abundance of the V2R complex in the postobstructive kidney.
The aims of the present study were therefore 1) to examine whether obstruction changes the V2R mRNA and protein levels in the postobstructive kidney and 2) to examine the effect of AT1 receptor blockade on the V2R complex abundance, pS256-AQP2 abundance, and intracellular cAMP generation in the postobstructive kidney inner medulla from rats subjected to 24-h BUO followed by a 48-h release period.
MATERIALS AND METHODS
Experimental animals. The animal protocols were approved by the board at the Institute of Clinical Medicine, University of Aarhus, according to the licenses for use of experimental animal issued by the Danish Ministry of Justice (study 1) and the Institutional Guidelines of Experimental Animal Care and Use, Korea (study 2). Studies were performed in male Munich-Wistar rats (Møllegaard Breeding Center, Eiby, Denmark; study 1) and male Sprague-Dawley rats (study 2) initially weighing 240 Ϯ 10 g, since it was not possible to obtain Münich Wistar rats for the studies in Korea.
The rats were anesthetized with isoflurane (Abbott Scandinavia, Solna, Sweden), and through a midline abdominal incision, a 5-mmlong piece of bisected polyethylene tubing (PE-50) was placed around each ureter. The ureter was then occluded by tightening the tubing with a 5-0 silk ligature, and 24 h later, the ligature and PE tubing were removed.
In study 1, BUO (n ϭ 7) and unilateral ureteral obstruction (UUO; n ϭ 14) were induced for 24 h, followed by a 48-h release period (Fig. 1) . Sham-operated controls were prepared in parallel. Kidneys were prepared for quantitative PCR (Q-PCR) and immunoblotting.
In study 2, BUO was induced for 24 h, followed by 48 h of release (n ϭ 22). Osmotic minipumps (Alzet, Scanbur, Denmark) with saline (n ϭ 10) or candesartan (1 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ; AstraZeneca, Mölndal, Sweden) dissolved in 1 M Na2CO3 (n ϭ 12) were surgically implanted subcutaneously when the obstruction was performed (Fig. 1) . Sham-operated controls were prepared in parallel (n ϭ 11). Kidneys were prepared for immunoblotting and, in a subset of animals (total ϭ 13), for membrane preparation. An identical protocol was used for immunohistochemistry (n ϭ 12).
Q-PCR. Total RNA was isolated from rat kidney zones with the RNeasy mini kit, and DNase digestion was routinely performed (Qiagen Nordic, Ballerup, Denmark). RNA was quantitated by spectrophotometry, and cDNA synthesis was performed on 1 g of RNA with the iScript cDNA synthesis kit (Bio-Rad, Herlev, Denmark). For quantitative PCR, 100 ng of cDNA served as a template for PCR amplification with Brilliant SYBR green QPCR master mix according to the manufacturer's instructions (Stratagene). Serial dilution (1 ng-1 fg/l) of cDNA was used as template for generation of a standard curve. Primers were used to amplify standards and kidney cDNA samples: V2R NH 2 terminal, sense ATGCTCCTGGTGTC-TACCGTGTCCG, antisense GCGTCCACGCCGGCCCCGCCG-TAT; V2R COOH terminal: sense TGTGTTGCTCATGCTGCTG-GCTAGCCTTA, antisense TCAGGAGGGTGTATCCTTCAT-CAAAGAGGA. Q-PCR was performed as described previously (32) .
Membrane fractionation for immunoblotting. After removal, the left kidney was immediately dissected into outer stripe of outer medulla and cortex (cortex ϩ OSOM), inner stripe of outer medulla (ISOM), and inner medulla (IM), and tissue was homogenized (30 s, 1,250 rpm, Ultra-Turrax T8 homogenizer; IKA Labortechnik) in ice-cold isolation solution: 0.3 M sucrose, 25 mM imidazole, and 1 mM EDTA, pH 7.2, and the protease inhibitors 8.5 M leupeptin (Sigma-Aldrich) and 0.4 mM Pefabloc (Roche). Isolation solution for IM was added containing the phosphatase inhibitors sodium orthovanadate (0.0184 g/100 ml buffer; Sigma-Aldrich), sodium fluoride (0.1052 g/100 ml buffer; Merck, Whitehouse Station, NJ), and okadaic acid (16.4 l/100 ml buffer; Calbiochem, San Diego, CA). The homogenates were then centrifuged at 1,000 g for 15 min at 4°C to remove whole cells, nuclei, and mitochondria, and gel samples were prepared from the supernatant in Laemmli sample buffer containing 2% SDS and dithiothreitol. The total protein concentration of the homogenate was measured using a Pierce BCA protein assay kit (Roche, Basel, Switzerland).
Electrophoresis and immunoblotting. Samples of membrane fractionation were run on 12% polyacrylamide gels (Mini Protean II; Bio-Rad). To ascertain identical loading and allow for correction, an identical gel was run in parallel and subjected to Coomassie staining. The proteins were transferred to either a polyvinylidene difluoride membrane (Immobilon-P PVDF; Millipore) for V2R antibody or a nitrocellulose membrane (Hybond ECL RPN3032D; Amersham Pharmacia Biotech) for pAQP, G s␣, and adenylyl cyclase VI antibody. After transfer, the blots were then blocked with 5% milk in PBS-T (80 mM Na2HPO4, 20 mM NaH2PO4, 100 mM NaCl, and 0.1% Tween 20, pH 7.5) and incubated overnight at 4°C with the following primary antibodies: V2R antibody (no. 7251 AP) previously characterized (7), type VI adenylyl cyclase (Santa Cruz Biotechnology, Santa Cruz, CA), heteromeric G protein subunit Gs␣ (Calbiochem-Novabiochem, San Diego, CA), and pS256-AQP2 (KO407), a new antibody raised against the same sequence of immunizing peptide [GRRQ(pS)VELHSPC] as the previously characterized antibody (5). The specificity was evaluated by 1) detection of the immunizing peptide on immunoblot using immune serum and as negative control preimmune serum from the same rabbit, and 2) detection of pS256-AQP2 in a protein sample prepared from rat kidney homogenates on immunoblot using affinitypurified anti-pS256-AQP2 antibody showing 29-and 35-to 50-kDa bands identical to those seen in rat tissue with the previously characterized antibody.
The antigen-antibody complex was visualized with horseradish peroxidase-conjugated secondary antibodies (P448; DAKO, Glostrup, Denmark) using the enhanced chemiluminescence system (Amersham Pharmacia Biotechnology).
Immunohistochemistry. Kidneys were fixed by retrograde perfusion via the abdominal aorta with 4% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4. After removal, the midregion of the kidney was sectioned into 2-to 3-mm transverse sections and immersion fixed for an additional 1 h, followed by three 10-min washes with 0.1 M cacodylate buffer, pH 7.4. The tissue was dehydrated and embedded in paraffin, and 2-m sections were cut on a rotary microtome (Leica Microsystems, Herlev, Denmark). For immunolabeling, the sections were deparaffinized and rehydrated, and endogenous peroxidase activity was blocked by 0.5% H2O2 in absolute methanol for 10 min. To expose antigens, kidney sections were boiled in a target retrieval solution (1 mM Tris solution, pH 9.0, with 0.5 mM EGTA) for 10 min. After cooling, nonspecific binding was blocked with 50 mM NH4Cl in PBS for 30 min, followed by three 10-min washes with PBS blocking buffer containing 1% BSA, 0.05% saponin, and 0.2% gelatin. The sections were incubated with primary antibodies diluted in PBS with 0.1% BSA and 0.3% Triton X-100 overnight at 4°C. The sections were washed three times for 10 min with PBS wash buffer containing 0.1% BSA, 0.05% saponin, and 0.2% gelatin and incubated with horseradish peroxidase-conjugated secondary antibodies (P448, goat anti-rabbit immunoglobulin; DAKO) for 1 h at room tempera- Fig. 1 . Diagram of the study design. A: study 1: rats were subjected to 24-h bilateral ureteral obstruction (BUO) or 24-h unilateral ureteral obstruction (UUO). After release of the obstruction, the rats were observed for 48 h. Ageand time-matched sham-operated control rats were observed in parallel with the BUO and UUO rats. B: study 2: rats were subjected to 24-h BUO and observed for 48 h after release of the obstruction. The rats were divided into 2 groups: a vehicle-treated group and a candesartan-treated group. Candesartan (1 mg ⅐ kg Ϫ1 ⅐ day
Ϫ1
) was administrated in osmotic minipumps. Age-and time-matched sham-operated control rats were observed in parallel.
ture. After three 10-min rinses with PBS wash buffer, the antibodyantigen reactions were visualized with 0.05% 3,3Ј-diaminobenzidine tetrachloride (DAB; Kemen Tek, Copenhagen, Denmark) dissolved in distilled water with 0.1% H2O2. Light microscopy was carried out with a Leica DMRE (Leica Microsystems).
Membrane preparation and adenylyl cyclase activity. The membrane preparation and adenylate cyclase measurements have been described previously (20, 22) . Briefly, kidney tissue were homogenized in ice-cold buffer (50 mM Tris ⅐ HCl, pH 8.0, with 1 mM EDTA, 0.2 mM PMSF, and 250 mM sucrose) and centrifuged at 1,200 g for 15 min at 4°C, followed by ultracentrifugation of the supernatant at 100,000 g for 1 h at 4°C.
Adenylate cyclase activity in response to sodium fluoride and forskolin stimulation was measured in the membrane fractions (the pellet) by using the method of Bar (2), slightly modified. The reaction was initiated by adding membrane fractions to a working solution (50 mM Tris ⅐ HCl, pH 7.6, with 1 mM ATP, 20 mM phosphocreatine, 0.2 mg/ml creatine phosphokinase, 6.4 mM MgCl2, 10 mM 3-isobutyl-1-methylxanthine, and 0.02 mM GTP), and after 15 min the reaction was blocked by addition of a cold 50 mM sodium acetate solution (pH 5.0). Finally, the mixture was centrifuged at 20,000 g for 5 min at 4°C, and cAMP was measured in the supernatant by equilibrated radioimmunoassay as previously described (20) . Protein concentrations were determined using a bicinchoninic acid assay kit (Bio-Rad, Hercules, CA). Results are expressed as picomoles of cAMP per milligram of protein per minute.
Presentation of data and statistical analyses. Quantitative data are means Ϯ SE. Statistical comparisons were accomplished by unpaired t-test (study 1), and multiple comparisons among the groups were made by one-way ANOVA and post hoc Tukey's honestly significant difference test (study 2). Data were analyzed by Mann-Whitney rank sum test when variables were not normally distributed. P values Ͻ0.05 were considered statistically significant.
RESULTS

V2R abundance was reduced in the postobstructive kidney.
The V2R in the collecting duct is essential for the regulation of AQP2 trafficking and synthesis. Therefore, we examined V2R mRNA and protein levels in kidneys from rats subjected to either 24-h BUO followed by 48-h release or 24-h UUO followed by 48-h release. Protein abundance was determined by immunoblotting using a specific antibody against the V2R (7). However, this antibody detects only V2R localized in the collecting ducts and not V2R found in the TAL. Therefore, immunoblotting was only performed on samples from cortex ϩ OSOM and IM, reflecting V2R abundance in the collecting ducts. V2R mRNA expression was significantly reduced in the kidney IM from BUO and UUO rats compared with shamoperated control rats (Figs. 2 and 3, P Ͻ 0.01). This finding was confirmed by immunoblotting, demonstrating a significant decrease in V2R abundance to 12% of sham levels in IM from BUO rats (Fig. 2 , P Ͻ 0.01). In rats subjected to UUO, V2R abundance in the obstructed kidney was reduced to 35% of sham levels in IM (Fig. 3 , P Ͻ 0.01), whereas V2R abundance was unchanged in the nonobstructed kidney at the time point examined (Fig. 3) . In cortex ϩ OSOM, immunoblotting revealed a clear decrease in V2R abundance to 52% of sham levels in BUO rats (Fig. 2 , P Ͻ 0.01), whereas V2R abundance in the obstructed kidney from UUO rats was 77% of sham levels, showing a trend toward reduction (not significant; Fig.  3 ). V2R mRNA level in cortex ϩ OSOM from BUO rats was significantly reduced when the COOH-terminal primer was used ( Fig. 2 , P Ͻ 0.05) but was comparable to sham levels when the NH 2 -terminal primer was used. In UUO rats, V2R mRNA expression in the obstructed kidney decreased significantly with the use of both primer sets (Fig. 3, P Ͻ 0.05) .
Candesartan attenuated V2R and pS256-AQP2 downregulation in postobstructive kidney IM. AT1 receptor blockade by candesartan attenuates downregulation of vasopressin-regulated transport proteins in the postobstructive kidney (17) . Therefore, we determined the effect of candesartan treatment on V2R and pS256-AQP2 protein levels in kidney IM from rats subjected to 24-h BUO followed by 48-h release. We found a significant increase in V2R abundance in IM from candesartantreated BUO rats to 30% of sham levels compared with 13% of sham levels in vehicle-treated BUO rats (Fig. 4, P Ͻ 0.05) . Furthermore, immunoblotting demonstrated that 24-h BUO followed by 48-h release caused a significant reduction in . Q-PCR was performed using 100 ng of cDNA. V2R mRNA level was reduced in IM from BUO rats compared with sham-operated control rats. In cortex ϩ OSOM, V2R mRNA level was significantly reduced when the C-terminal primer was used but was comparable to sham levels when the N-terminal primer was used. B: immunoblots were reacted with a specific anti-V2R antibody and revealed a single band at ϳ47 kDa in IM and a doublet at ϳ43-47 kDa in cortex ϩ OSOM. Densitometric analysis of all samples from BUO and sham-operated rats (corrected according to loading) revealed a significant decrease in V2R protein abundance in kidney IM and cortex ϩ OSOM from BUO rats. Each column represents the mean Ϯ SE. #P Ͻ 0.05; *P Ͻ 0.01, statistically significant compared with sham-operated control rats.
pS256-AQP2 protein abundance in IM and that this decrease was attenuated by AT1 receptor blockade (Fig. 4, P Ͻ 0.05) . Interestingly, we observed a more pronounced decrease in V2R abundance than in pS256-AQP2 abundance in IM from both vehicle-and candesartan-treated BUO rats compared with sham-operated rats. Immunohistochemistry confirmed the immunoblotting and showed a very weak V2R labeling of the collecting duct principal cells in kidney IM from BUO rats compared with sham-operated rats (Fig. 5, A and B) . Moreover, pS256-AQP2 labeling was much weaker in the apical plasma membrane domains of the IM collecting duct from BUO rats compared with sham-operated rats (Fig. 5, D and E) . Labeling of both the V2R and pS256-AQP2 were stronger in candesartan-treated BUO rats compared with vehicle-treated rats but was still weaker than in sham rats (Fig. 5, C and F) .
Effect of candesartan on G s ␣ and adenylyl cyclase VI abundance in BUO rats. Binding of vasopressin to the V2R leads to activation of other receptor complex proteins, G s ␣ and the adenylyl cyclase type VI. As previously demonstrated (19), the G s ␣ and adenylyl cyclase VI protein levels were significantly decreased in kidney IM in response to 24-h BUO followed by 48-h release (Fig. 6, P Ͻ 0.05) . Candesartan treatment attenuated downregulation of the G s ␣ protein in the postobstructive kidney IM, whereas AT1 receptor blockade had no effect on adenylyl cyclase VI abundance (Fig. 6) .
Candesartan attenuated the reduced sodium fluoride-and forskolin-stimulated cAMP generation in BUO. Sodium fluoride stimulates adenylyl cyclase VI in a V2R receptor-independent but G s ␣-dependent manner (42), leading to increases in intracellular cAMP generation. In the present study cAMP generation was significantly decreased in response to sodium fluoride in inner medullary membrane fractions from BUO rats compared with sham-operated control rats, confirming previous findings ( Fig. 7 , P Ͻ 0.05) (19) . Furthermore, AT1 receptor blockade attenuated this decrease in sodium fluoride-stimulated cAMP synthesis in IM from BUO rats ( Fig. 7 , P Ͻ Fig. 4 . V2R and serine 256-phosphorylated aquaporin-2 (pS256-AQP2) protein abundance in IM from vehicle-treated BUO rats (n ϭ 10), candesartantreated BUO rats (BUOϩC; n ϭ 12), and sham-operated control rats (n ϭ 11). (One representative experiment is shown). A: immunoblots were reacted with a specific anti-V2R antibody (top) revealing a single band at ϳ47 kDa and with an affinity-purified anti-pS256-AQP2 antibody (bottom) revealing 29-kDa and 35-to 50-kDa bands representing nonglycosylated and glycosylated forms of pS256-AQP2. B: densitometric analysis of all samples from BUO, BUOϩC, and sham-operated control rats (corrected according to loading) revealed a significant decrease in V2R and pS256-AQP2 protein abundance in kidney IM from BUO rats compared with sham rats. Candesartan treatment significantly attenuated this decrease in V2R and pS256-AQP2 abundance. Each column represents the mean Ϯ SE. *P Ͻ 0.05, statistically significant compared with sham-operated rats. #P Ͻ 0.05, statistically significant compared with vehicletreated BUO rats. Fig. 3 . V2R mRNA level and protein abundance in IM and cortex ϩ OSOM from the left, obstructed kidney (LK) and the right, nonobstructed kidney (RK) from UUO rats (n ϭ 7) and a control kidney from sham-operated control rats (n ϭ 7). A: representative Q-PCR for the V2R (C-and N-terminal primers; see Fig. 2 ), and TBP. Q-PCR was performed using 100 ng of cDNA. V2R mRNA level was significantly reduced in obstructed kidney IM compared with nonobstructed kidney IM from UUO rats and control kidney IM from shamoperated rats. In cortex ϩ OSOM, V2R mRNA level was significantly decreased in the obstructed kidney compared with that in the sham-operated control kidney. B: immunoblots were reacted with a specific anti-V2R antibody and revealed a single band at ϳ47 kDa in IM and a doublet at ϳ43-47 kDa in cortex ϩ OSOM. Densitometric analysis of all samples from UUO and sham-operated control rats (corrected according to loading) revealed a significant decrease in V2R protein abundance in obstructed kidney IM compared with the nonobstructed kidney IM from UUO rats and the control kidney IM from sham-operated control rats. In cortex ϩ OSOM, V2R abundance was comparable in UUO and sham rats. Each column represents the mean Ϯ SE. *P Ͻ 0.01, statistically significant compared with sham-operated control rats. #P Ͻ 0.05, statistically significant compared with the nonobstructed kidney. 0.05), although it was still inhibited compared with shamoperated control rats.
Forskolin activates adenylyl cyclase VI directly by binding to its catalytic unit, leading to enhanced cAMP generation. The present study demonstrated a reduced cAMP generation in inner medullary membrane fractions from BUO rats compared with sham-operated controls rats in response to forskolin stimulation as previously demonstrated (Fig. 7 , P Ͻ 0.05) (19) . Candesartan treatment of BUO rats partly prevented the reduced forskolin-stimulated cAMP synthesis in membrane fractions from postobstructive kidney IM ( Fig. 7 , P Ͻ 0.05).
DISCUSSION
In the present study we have clearly demonstrated reduced V2R mRNA and protein levels in the postobstructive kidney IM from BUO and UUO rats. Furthermore, the study revealed a decreased V2R protein abundance in postobstructive kidney cortex ϩ OSOM from BUO rats, whereas it was comparable to sham levels in cortex ϩ OSOM from UUO rats. AT1 receptor blockade by candesartan treatment attenuated downregulation of V2R, pS256-AQP2, and G s ␣ protein in postobstructive kidney IM from BUO rats. Moreover, cAMP generation in inner medullary membrane fractions from candesartan-treated BUO rats was significantly enhanced compared with that in vehicle-treated BUO rats.
V2 receptor regulation in postobstructive kidney disease. The markedly reduced V2R abundance in kidney IM and cortex ϩ OSOM from BUO rats can possibly explain the development of NDI and downregulation of vasopressin-regulated transport proteins associated with postobstructive kidney disease (19, 27, 28) . Local changes in the renal tissue in response to ureteral obstruction may directly reduce V2R in the kidney. However, previous studies have indicated that dehydration causes a decrease in kidney V2R mRNA and protein level in rats (30, 36, 41) , so dehydration due to postobstructive polyuria could also play a role. Release of UUO causes no polyuria and dehydration, since the concentration defect of the obstructed kidney is compensated by the nonobstructed kidney (26) . Therefore, an identical protocol was used to determine V2R expression in obstructed kidneys from UUO rats compared with control kidneys from sham-operated control rats to eliminate the effect of dehydration. These experiments demonstrated clearly decreased V2R mRNA and protein levels in IM from obstructed kidneys compared with sham-operated control kidneys, suggesting that dehydration does not play a major role in V2R regulation in the postobstructive kidney IM. However, the V2R abundance was comparable to sham levels in the obstructed kidney cortex ϩ OSOM from UUO rats, although it showed a trend toward reduction. Therefore, we cannot exclude the possibility that dehydration specifically Fig. 5 . Immunoperoxidase labeling of V2R (A-C) and pS256-AQP2 (D-F) in kidney IM from sham-operated control rats (n ϭ 4), BUO rats (n ϭ 4), and BUOϩC rats (n ϭ 4). V2R labeling is shown in collecting duct principal cells, and pS256-AQP2 labeling is shown in apical plasma membrane domains of the IM collecting ducts in sham-operated control rats (A and D, respectively). Labeling of both V2R and pS256-AQP2 is very weak in the IM collecting duct in BUO rats (B and E) compared with sham-operated rats. Labeling of the V2R and pS256-AQP2 is stronger in BUOϩC rats (C and F) compared with BUO rats, although still weaker than that observed in sham rats. Fig. 6 . Semiquantitative immunoblotting of Gs␣ and adenylate cyclase VI using kidney protein isolated from IM from BUO rats (n ϭ 4), BUOϩC rats (n ϭ 5), and sham-operated control rats (n ϭ 4). A: immunoblots were reacted with a specific anti-Gs␣ antibody (top) revealing a doublet at ϳ50 and 45 kDa and with an anti-adenylyl cyclase VI antibody (bottom) revealing a single band at ϳ160 kDa. B: densitometric analysis of all samples from BUO, BUOϩC, and sham-operated control rats (corrected according to loading) revealed a significant decrease in Gs␣-and adenylyl cyclase VI abundance in kidney IM from BUO rats compared with sham-operated rats. Candesartan attenuated the decrease in Gs␣ abundance but had no effect on adenylyl cyclase VI abundance. *P Ͻ 0.05, statistically significant compared with sham-operated controls. #P Ͻ 0.05, statistically significant compared with vehicle-treated BUO rats.
influences V2R abundance in the cortical collecting duct, since previous studies showed a specific decrease in V2R levels in kidney cortex and outer medulla from dehydrated rats (36) . However, the V2R mRNA level was markedly reduced in the obstructed kidney cortex ϩ OSOM from UUO rats, further emphasizing that local factors in the renal tissue rather than dehydration may be involved in V2R regulation.
It is well documented that the renin-angiotensin-system is activated in ureteral obstruction, and interestingly, several studies have shown that ANG II stimulates V2R expression in the inner medullary collecting ducts (IMCD) (47, 48) and regulates the abundance and localization of vasopressin-regulated transport proteins in the kidney (23) (24) (25) . AT1 receptor blockade inhibits the vasopressin analog desmopressin (dDAVP)-induced increase in AQP2 and pAQP2 abundance and decreases AQP2 targeting to the plasma membrane of IMCD (24, 25) . In addition, AT1 receptor blockade attenuates the antidiuretic effect of vasopressin and relatively increases the urine output in dDAVP-treated rats. In contrast, we previously showed that AT1 receptor blockade has the reverse effect in the postobstructive kidney, where it reduces postobstructive polyuria and partly prevents downregulation of the vasopressinregulated AQP2 and NKCC2 (17) . The present data are consistent with this trend, suggesting that our previous findings may at least partly be explained by attenuated V2R downregulation in postobstructive kidney IM in response to candesartan treatment. The impact of candesartan on the vasopressinregulated urinary concentration mechanism in ureteral obstruction is further emphasized by the finding that pS256-AQP2 downregulation was also partly prevented by candesartan treatment. This paradoxical, opposite effect of ANG II on the fluid transport properties of the kidney tubule has previously been described and is suggested to be caused by a biphasic response to ANG II depending on the concentration of the hormone (13, 38) . Low, physiological concentrations of ANG II stimulate fluid transport, whereas high, pathological concentrations, as seen in ureteral obstruction, inhibit it. The biphasic regulation is lost in AT1 receptor knockout mice, so involvement of the AT2 receptor in pathological states seems not to be responsible for the phenomenon (16).
Ureteral obstruction also enhances prostaglandin E 2 (PGE 2 ) generation in the kidney (10, 33) due to an increased expression of the inducible enzyme cyclooxygenase-2 (COX2) in kidney IM (31) . The PGE 2 increase may be involved in the V2R downregulation demonstrated in the present study, since it was recently shown that PGE 2 inhibits vasopressin-mediated upregulation of the V2R in IMCD (30) . Moreover, PGE 2 directly influences cAMP generation in the collecting duct via G protein-coupled E-prostanoid (EP) receptors (4, 14, 40) . Interestingly, candesartan treatment attenuates COX2 induction and thereby reduces PGE 2 generation in ureteral obstruction (17) , which may contribute to the effect of candesartan on cAMP generation and pS256-AQP2 abundance in IM observed in the present study. Therefore, the mechanism by which candesartan influences the abundance of vasopressin-regulated transport proteins may be a combination of an attenuated V2R downregulation and a reduced PGE 2 generation resulting in higher cAMP levels in the IMCD. This complex regulation of vasopressin-regulated membrane proteins is underscored by the finding that V2R abundance was more severely reduced than pS256-AQP2 abundance in kidney IM from both vehicleand candesartan-treated BUO rats, indicating either vasopressin-independent pS256-AQP2 regulation in postobstructive kidney IM or excess of V2R in the normal kidney.
Candesartan influences G s ␣ protein abundance. The present study confirmed previous findings demonstrating a reduced G s ␣ and adenylyl cyclase VI abundance in postobstructive kidney IM (19) . Furthermore, AT1 receptor blockade attenuated downregulation of G s ␣ protein, whereas it had no effect on adenylate cyclase VI abundance. Several studies have investigated whether ANG II directly influences the G s ␣ protein in relation to the vascular system, but the results have been very diverse depending on the animal model. In one study, ANG II administration downregulated G s ␣ protein in preglomerular arterioles in spontaneous hypertensive rats and upregulated the protein in control Wistar-Kyoto rats (45) . However, other studies have found no interactions between ANG II and G s ␣ protein levels in the vascular system (1, 11, 34) . The present study indicates that an interaction between ANG II and G s ␣ protein may exist in the kidney. Interestingly, ANG II Fig. 7 . cAMP production in response to sodium fluoride and forskolin stimulation of inner medullary membrane fractions. The cAMP generation in response to both sodium fluoride and forskolin stimulation was significantly inhibited in inner medullary membrane fractions from BUO rats compared with those from sham-operated control rats. Candesartan treatment partly prevented this decrease in cAMP generation. Each data point represents the mean Ϯ SE of 4 experiments. *P Ͻ 0.05, statistically significant compared with sham-operated control rats. #P Ͻ 0.05, statistically significant compared with vehicle-treated BUO rats.
stimulates the expression of the inhibitory G proteins G i ␣-2 and G i ␣-3 (1, 11, 34, 35, 45) , suggesting a role for these proteins in ureteral obstruction given that inhibitory G i ␣-2 protein is colocalized with the G s ␣ protein in the basolateral membrane of collecting duct principal cells (43) .
Sodium fluoride-and forskolin-stimulated cAMP generation is enhanced in candesartan-treated BUO rats. Sodium fluoride-and forskolin-stimulated cAMP generation reflects the activity of G s ␣ protein and adenylyl cyclase, respectively (42) . Interestingly, AT1 receptor blockade caused enhanced cAMP generation when inner medullary membrane fractions from BUO rats were stimulated with either of these two substances, although it remained suppressed compared with sham-operated control rats. The effect of AT1 receptor blockade on sodium fluoride-stimulated cAMP generation can probably be explained by the attenuated G s ␣ protein downregulation in candesartan-treated BUO rats. Because adenylate cyclase VI abundance was unchanged in response to candesartan treatment, the mechanism by which AT1 receptor blockade influences forskolin-stimulated cAMP generation is less clear. Synergistic interactions between G s ␣ protein and forskolin activation of adenylate cyclase VI have been reported previously in a study that showed greatly reduced forskolin-stimulated adenylate cyclase activity in the absence of G s ␣ protein (6) . Thus enhanced G s ␣ protein abundance in response to AT1 receptor blockade may indirectly increase the forskolin-stimulated adenylate cyclase VI activity. Finally, the effect of AT1 receptor blockade on forskolin-stimulated cAMP generation could rely on changes in the abundance and/or activity of inhibitory G proteins given that a number of these, including the previously mentioned G i ␣-2 and G i ␣-3, inhibit forskolin-stimulated adenylate cyclase activity (44) . It should be emphasized that these pharmacological experiments were performed on IM membranes from Sprague-Dawley rats. Although there are minor differences in the kidney structure between SpragueDawley and Münich Wistar rats, this is not regarded to have a significant different influence on renal water handling and the intrarenal renin-angiotensin system. Thus the impact on the cAMP generation in these experiments is regarded to be minor.
In summary, we have shown a severely reduced V2R mRNA level and protein abundance in the postobstructive kidney from BUO and UUO rats demonstrating an important association between acquired NDI and downregulation of V2R. Furthermore, our study revealed that AT1 receptor blockade partly prevents dysregulation of the V2 receptor complex and pS256-AQP2 in postobstructive kidney IM and reverses the obstruction-induced inhibition of forskolin-and sodium fluoridestimulated cAMP generation in inner medullary membrane fractions from BUO rats. The underlying mechanism as to how ANG II influences the V2R complex proteins and the intracellular pathway leading to pS256-AQP2 regulation remains to be determined.
